Adiponectin, one of the most abundant adipokines in circulation, is known for its role in regulation of body metabolism. The aim of this study was to evaluate the effects of a negative energy balance (NEB) at 2 stages of lactation (lactational NEB at the onset of lactation and an induced NEB by feed restriction near 100 d of lactation) on circulating adiponectin concentrations. We also investigated the effect of feed restriction on adiponectin concentrations in milk and the relationships of blood and milk adiponectin with selected plasma or milk variables and with measures of body condition. Plasma adiponectin was measured in 50 multiparous Holstein dairy cows throughout 3 experimental periods [i.e., period 1 = 3 wk antepartum up to 12 wk postpartum, period 2 = 3 wk of feed restriction starting at around 100 d in milk with a control (n = 25) and feed-restricted group (50% of energy requirements; n = 25), and period 3 = subsequent realimentation period for 8 wk]. Milk adiponectin was investigated among 21 multiparous cows at wk 2 and wk 12 of period 1 and wk 2 of period 2. Adiponectin concentrations in plasma and skim milk were measured using an in-house ELISA specific for bovine adiponectin. Major changes in circulating adiponectin concentrations were observed during the periparturient period, whereas energy deficiency during established lactation at around 100 d in milk and subsequent refeeding did not affect plasma adiponectin. Together with lower adiponectin concentrations in milk (μg/mL), the reduction in milk yield led to decreased adiponectin secretion via milk (mg/d) at the second week of feed restriction. Irrespective of time and treatment, milk adiponectin represented about 0.002% of total milk protein. Mean adiponectin concentrations in milk (0.61 ± 0.03 μg/mL) were about 92% lower than the mean plasma adiponectin concentrations (32.1 ± 1.0 μg/mL). The proportion of the steady-state plasma adiponectin pool secreted daily via milk was 2.7%. In view of the similar extent of NEB in both periods of energy deficiency, decreasing adiponectin concentrations seems important for accomplishing the adaptation to the rapidly increasing metabolic rates in early lactation, whereas the lipolytic reaction toward feed restriction-induced NEB during established lactation seems to occur largely independent of changes in circulating adiponectin.
With the onset of lactation in high-producing dairy cows, milk synthesis leads to an approximately 4-fold increase in total energy requirements compared with pregnant and nonlactating state (Block et al., 2001) , which is often accompanied by insufficient voluntary feed intake. The period of negative energy balance (NEB) is associated with changes in several metabolic key hormones, such as growth hormone and IGF-1, and the responsiveness of peripheral tissues for these hormones (Rhoads et al., 2007) . The period of energy demand such as early lactation in dairy cattle is characterized by an increase in lipolysis and a decrease in lipogenesis (McNamara and Hillers, 1986) . During lipolysis, FA in the form of NEFA are released from adipose tissue (AT) and serve as a major energy substrate for body tissues.
Adipose tissue is not only an energy storage organ, but also synthesizes and secretes a wide range of metabolically active hormones, proteins, and other bioactive molecules, collectively termed as adipokines (Kershaw and Flier, 2004) . Changes in metabolic activities of AT during the period of NEB may affect the expression of adipokines and vice versa (e.g., energy deficiency in periparturient cows reduce leptin gene expression and its plasma concentrations; Block et al., 2001) .
Produced mainly by AT, adiponectin-one of the most abundant adipokines in circulation-is known to be involved in regulation of glucose and FA metabolism (Yamauchi et al., 2002) . Studies about the concentration of adiponectin in bovine body fluids have been impeded by the lack of inexpensive, straightforward, and reliable assays for bovine adiponectin. Using semiquantitative Western immunoblotting the circulating adiponectin concentrations in dairy cows were recently characterized and were shown to be lowest during the periparturient period (Giesy et al., 2012; Mielenz et al., 2013) . Using an ELISA system we recently developed specifically for bovine adiponectin, this time course was confirmed (Mielenz et al., 2013) and supports that adiponectin participates in coordinating the metabolic changes during the period of NEB in early lactation.
In rats, short-term (48-h) dietary fasting (no feed) decreased and refeeding increased adiponectin gene expression in perirenal AT (Zhang et al., 2002) as well as in subcutaneous and epididymal AT (Bertile and Raclot, 2004) . However, the influence of feed restriction or complete feed deprivation on circulating adiponectin remains obscure, as previous rodent studies have reported contradictory findings with unchanged (after 48 h of fasting; Zhang et al., 2002) , decreased (after 8 h of fasting and remaining constant thereafter until 48 h; Gui et al., 2003) , or increased (after feed restriction of 60% of the baseline intake; Combs et al., 2003) adiponectin blood concentrations.
Changes in milk concentration of hormones and metabolites might reflect variations in their blood concentrations. Earlier reports suggest that the induced NEB by feed restriction in dairy cows alters milk yield and its composition such as fat and protein percentage (Gross et al., 2011a) or BHBA and citrate concentration (Nielsen et al., 2003) . The objectives of the present study were to investigate the effect of lactational versus feed restriction induced NEB on plasma and milk adiponectin concentrations and their relationship with circulating concentrations of metabolic hormones such as leptin and insulin; variables linked to the fat metabolism such as NEFA and BHBA concentrations, and other variables such as revised quantitative insulin sensitivity check index, DMI, BW, BCS, back fat thickness (BFT), and energy balance.
The animal trial was conducted at the Agricultural Experimental Unit Hirschau of the Technical University of Munich (Freising-Weihenstephan, Germany) and was approved by the state department for animal welfare affairs. The animal experiment and feeding regimen was described in detail previously (Gross et al., 2011a) . Briefly, the study included 50 multiparous Holstein dairy cows (3.2 ± 0.2 lactations; mean ± SEM) from wk 3 antepartum (a.p.) to approximately wk 26 postpartum (p.p.). Period 1 was from wk 3 a.p. to wk 12 p.p., where all animals were treated as 1 group. The restriction phase (period 2) started at 98 ± 7 DIM and lasted for 3 wk. In this period, animals were allocated equally to either a control group (C; n = 25) or a restriction group (R; n = 25). The week before the start of the feed restriction was considered as wk 0, when all animals were treated as 1 group. Calculations for dietary requirement of energy and protein followed the recommendations of the Society of Nutrition Physiology (GfE, 2001) . At the start of period 2, an energy deficiency of approximately 50% of cow requirements was induced by feeding R cows a diet with a lower energy content (6.24 vs. 6.53 MJ of NE L /kg of DM) compared with the C cows and a decreased amount of concentrate (0.4 kg of DM/d, whereas C cows received concentrate according to the individual requirements for milk production). After 3 wk of feed restriction, period 3 (8 wk duration) started, during which R cows were (re)fed to the level of the C cows (realimentation period).
Blood samples (n = 50) were collected weekly via jugular vein puncture in K 3 EDTA-coated (18-mL) evacuated blood collection tubes (Greiner Bio-One GmbH, Frickenhausen, Germany). Plasma samples were obtained by centrifugation (2,000 × g for 15 min at 4°C) and stored at −20°C until analyzed. Cows were milked twice daily at 0500 and 1500 h and daily milk yield was recorded electronically. Milk samples (n = 21) at 2 consecutive milkings were collected at wk 2 and 12 (period 1) and wk 2 of the energy restriction period (period 2) for adiponectin analysis. Milk samples were vortexed properly to ensure sample uniformity before skimmed by centrifugation (3,000 × g for 30 min at 4°C). Skim milk was harvested between the supernatant (fat layer) and the pellet (debris and cells) and stored at −20°C until analysis.
Plasma and skim milk samples were analyzed for adiponectin using an in-house competitive ELISA, as described in detail earlier (Mielenz et al., 2013) . Before measurement of milk adiponectin, assay accuracy was confirmed by linearity and parallelism of diluted milk samples. The measuring range of the assay was 0.07 to 1.00 ng/mL and the limit of detection was 0.03 ng/mL. The intra-and interassay coefficients of variation for skim milk were 5 and 12%, respectively.
The profiles of other variables such as NEFA, BHBA, DMI, BW, energy balance, BCS, BFT, and milk yield (Gross et al., 2011a) , and revised quantitative insulin sensitivity check index, insulin, and leptin (Gross et al., 2011b) have been published elsewhere. In the current paper, the values were used to calculate the potential association with plasma and milk adiponectin concentrations.
Assuming that all milk adiponectin is derived from the circulation, the following calculations were done to estimate the proportion (%) of steady-state plasma adiponectin pool secreted daily via milk:
Total blood volume of a cow (mL) = BW (kg) × 57 (Hansard et al., 1953) ; Plasma volume (mL) = blood volume (mL) × 0.658 (Jones et al., 1956) ; Amount of adiponectin present in circulation (mg) = plasma adiponectin concentration (mg/mL) × plasma volume (mL); Amount of adiponectin secreted via milk (mg) = milk adiponectin concentration (mg/L) × milk yield (L);
Proportion of steady-state plasma adiponectin secreted via milk (%) amount of adiponectin secreted via milk (mg) amo = u unt of adiponectin present in circulation (mg) ×100.
All statistical analyses were performed using SPSS (version 19.0; SPSS Inc., Chicago, IL). Data were tested for normal distribution using the Shapiro-Wilk test and homogeneity of variances was tested using Levene's test. A one-way repeated-measures ANOVA, followed by Bonferroni post hoc test was conducted for multiple comparisons of plasma adiponectin concentrations at different time points during period 1. During periods 2 and 3, plasma adiponectin concentrations between C and R groups were compared with the linear mixedmodel procedure, followed by Bonferroni correction. The model included individual animal as a repeated subject, and week, treatment, and their interaction as fixed effects. Milk adiponectin concentrations, adiponectin secretion, and proportion of steady-state plasma adiponectin secreted daily in periods 1 and 2 were compared by Student's t-test. The Pearson correlation coefficient was calculated for statistical analysis of relationships among variables. All data are presented as means ± standard error of the mean. Significance was declared for P < 0.05 and a trend was noted at P ≤ 0.10.
Time-dependent changes in plasma adiponectin concentrations during different experimental periods are shown in Figure 1 . Plasma adiponectin decreased from wk 3 a.p. and reached the lowest concentrations at the time of parturition; thereafter, the concentration increased gradually and approached a.p. values (3 wk a.p.) within 3 wk of lactation. The time-and treatmentdependent changes in milk adiponectin concentration and daily milk adiponectin secretion are presented in Figure 2 . Both the milk adiponectin concentration and the daily milk adiponectin secretion were substantially higher in wk 2 than in wk 12 p.p. The induced feed restriction in period 2 led to a 21.9% decrease in the adiponectin milk secretion compared with the C group, although the milk adiponectin concentration only tended to be decreased in the R group.
When normalized to the amount of milk protein content, the mean milk adiponectin concentration was 18.5 ± 0.9 ng/mg of milk protein. Irrespective of time and treatment, milk adiponectin represented about 0.002% of total milk protein. The mean adiponectin concentration in milk (0.6 ± 0.03 μg/mL) was 98.1% lower than the mean plasma adiponectin concentration (32.1 ± 1.0 μg/mL). Considering all time points (wk 2 and 12 of period 1 and wk 2 of period 2), 2.7% of circulating adiponectin was secreted through milk per day. The proportions of circulating steady-state adiponectin secreted through milk in different periods are presented in Figure 3 . The proportion was about twice as high in wk 2 as in wk 12 p.p. After the induced feed restriction, the proportion of steady-state adiponectin secreted through milk was significantly decreased (around 21.9% decrease). Neither the plasma nor the milk adiponectin concentration was correlated with the milk yield. No significant association of plasma and milk adiponectin with plasma leptin and growth hormone was observed. The coefficients of correlation between plasma and milk adiponectin concentrations and adiponectin secretion with plasma, milk, and other variables are presented in Tables 1 and 2. The transition from late gestation to lactation is a period of comprehensive physiological and metabolic adaptations to accomplish the nutrient demand of the mammary gland for milk production. Adiponectin is known to be involved in regulating glucose and FA metabolism (Yamauchi et al., 2002) ; therefore, adiponectin concentrations are likely to change during this period of NEB. We observed decreased plasma adiponectin concentrations from 3 wk a.p. to parturition and subsequently gradually increased concentrations rebounding over the next 4 wk of lactation. Similar characteristic patterns of peripartal changes of circulating adiponectin were recently characterized in dairy cows using semiquantitative Western immunoblotting (Giesy et al., 2012; Mielenz et al., 2013) and the ELISA used herein (Mielenz et al., 2013) . Ruminants largely depend on gluconeogenesis for their glucose requirements; therefore, efficient gluconeogenesis in dairy cows is the major pathway for maintaining an adequate glucose supply for the mammary gland (Reynolds et al., 1988) . Adiponectin increases glucose uptake and lactate production in skeletal muscle and reduces the expression of molecules involved in gluconeogenesis in liver (Yamauchi et al., 2002) and, thus, suppresses hepatic glucose production (Zhou et al., 2005) . Furthermore, adiponectin is known to improve insulin sensitivity (Yamauchi et al., 2001) . Together with decreasing insulin sensitivity in peripheral tissue, decreasing adiponectin concentrations may support partitioning of glucose toward the mammary gland. A shift from circulating adiponectin toward the milk might explain the highest milk adiponectin concentrations along with low plasma adiponectin concentrations at wk 2 p.p. Although it is suggested that circulating adiponectin is unlikely to be a major source for milk adiponectin in humans (Ozarda et al., 2012) , in the present study, a significant negative correlation of serum adiponectin concentration with milk adiponectin concentration was observed. However, whether adiponectin concentrations in milk are solely the source of plasma adiponectin or produced by the mammary gland itself needs to be investigated. Moreover, decreasing adiponectin concentrations might increase hepatic gluconeogenesis to improve glucose supply to the mammary gland for milk production. The precise functional importance of the periparturient reduction of circulating adiponectin in dairy cows remains to be characterized.
We did not observe significant effects of feed restriction and subsequent realimentation on plasma adipo-nectin concentrations, even though the extent of NEB was lower than that observed at the time of initiation of lactation (Gross et al., 2011a) . The unchanged plasma adiponectin in R cows compared with the C cows indicates that its circulating concentration is not affected by energy balance. The finding of unchanged adiponectin concentrations during feed restriction agrees with results of energy restriction (4 d) study in humans (Imbeault et al., 2004) and total feed deprivation studies in rodents (48 h of fasting; Combs et al., 2003; Kmiec et al., 2005) and humans (48 to 72 h of fasting; Gavrila et al., 2003; Merl et al., 2005) . However, another report suggests that adiponectin concentration is decreased in mice after 8 h of fasting (Gui et al., 2003) . The discrepancy in these results might be due to age, physiological state, extent, and duration of fasting and (or) species differences.
From wk 2 to 12 p.p., milk adiponectin concentrations and adiponectin secretion decreased 46.2 and 44%, respectively. In contrast, earlier human studies reported either unchanged (Bronsky et al., 2011) or Figure 1 . Plasma adiponectin concentration (μg/mL) in cows (n = 50) during the experimental period 1 (from wk 3 antepartum to wk 12 postpartum), period 2 (3 wk of feed restriction, starting at about 100 DIM), and period 3 (8 wk of realimentation). Data are given as mean ± SEM. Significant differences (P < 0.05) between the time points during period 1 are indicated by different lowercase letters (a-e; one-way repeated measure ANOVA, followed by the Bonferroni post hoc test). NS = no significant differences (linear mixed model) between the control (n = 25) and feed-restricted (n = 25) groups. increased milk adiponectin concentrations during the first 180 d after birth (Ozarda et al., 2012) . The milk yield of the animals in the present study was similar at wk 2 and 12, as reported in our previous study (Gross et al., 2011a) ; therefore, the observed decrease in adiponectin secretion in period 1 resulted from decreased milk adiponectin concentration. In period 2, we observed a trend toward reduced adiponectin concentrations in milk in the R group compared with the C group. In addition, milk yield was significantly reduced in the R group during this period (Gross et al., 2011a) ; therefore, the reduction in both milk adiponectin concentration and milk yield led to decreased adiponectin secretion in R cows.
The rates of synthesis and clearance determine the blood concentration of hormones and metabolites. Adiponectin secretion rates from human adipocytes play only a minor role in the variation of its blood concentrations (Hoffstedt et al., 2004) . Moreover, the liver-mediated clearance rate of adiponectin in mice is relatively stable (half-life ~75 min) and was not affected by 24 h of fasting (Halberg et al., 2009) . The decrease in adiponectin secretion through milk during the period of feed restriction might provide an additional mechanism to prevent a significant decrease in its plasma concentrations during this period. Compared with the concentration of leptin in milk that is around 6 ng/mL (Pinotti and Rosi, 2006) , the mean milk adiponectin concentration observed herein (616.4 ± 32.6 ng/mL) was about 100-fold higher, suggesting that, similar to the blood concentrations, adiponectin in milk is present in much higher concentration than other adipokines.
In humans and in animals such as horses, adiponectin mRNA expression and serum concentrations are decreased with an increased portion of body fat (Kern et al., 2003; Kearns et al., 2006) . In dairy cows, an increase in fat mass could be expected with improvement in the body condition measures, such as BW, BCS, and BFT. This might explain the observed negative correlations of plasma adiponectin with measures of body condition (BW, BCS, and BFT) in the present study. The positive correlation between plasma adiponectin and insulin concentrations might indicate that the adiponectin secretion by adipocytes is stimulated by insulin (Blümer et al., 2008) . Moreover, inhibitory effects of adiponectin on lipolysis (Qiao et al., 2011) or stimulatory effects on FA oxidation in liver and muscles (Yamauchi et al., 2002) , or both, could explain the inverse association between adiponectin and NEFA observed in the current study. Adiponectin might increase DMI via stimulating the hypothalamic AMP- Figure 2 . Skim milk adiponectin concentration (ng/mL) and adiponectin secretion via milk (mg/d) at wk 2 and 12 of period 1 (n = 21) and control (C; n = 11) and feed-restricted (R; n = 10) groups at wk 2 of period 2. Data are given as mean ± SEM. Significant differences are presented as ***P < 0.001 and **P < 0.01, and trends as †P < 0.10 (Student's t-test). Figure 3 . Proportion (%) of steady-state plasma adiponectin pool secreted daily via milk at wk 2 and 12 of period 1 (n = 21) and control (C; n = 11) and feed-restricted (R; n = 10) groups at wk 2 of period 2. Data are given as mean ± SEM. Significant differences are presented as ***P < 0.001 and *P < 0.05 (Student's t-test activated protein kinase, as reported in mice (Kubota et al., 2007) . However, the precise role of adiponectin in regulation of feed intake in dairy cows warrants further investigation. The observation that plasma adiponectin and leptin were not correlated in the present study supports the notion that they independently regulate 1 Data at wk 2 and 12 of period 1 and wk 2 of period 2 were used for analysis (n = 21). Correlation coefficients >0.1 with significant associations are presented. 2 RQUICKI = revised quantitative insulin sensitivity check index; BFT = back fat thickness; EB = energy balance. 3 Data presented previously (Gross et al., 2011a) . 4 Data presented previously (Gross et al., 2011b) .
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. biological functions in the body, such as insulin sensitivity (Koebnick et al., 2008) . To summarize, our data showed that the most prominent changes in plasma adiponectin occur around parturition. Feed restriction and subsequent realimentation did not affect its circulating concentrations; therefore, we assume that in early lactation, adiponectin is important to cope with the adaptation to the rapidly increasing metabolic rates. Several other factors and not only energy deficiency might affect circulating adiponectin concentrations around parturition. Feed restriction resulted in reduced adiponectin secretion via milk and tended to decrease milk adiponectin concentrations. The putative biological significance of milk adiponectin and its relationship with other milk hormones and metabolites still remains to be characterized.
